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1 
 
Abstract— This paper presents the modal analysis of different 
HVDC cable bundles. Using modal theory, specific transformation 
matrices are presented, and the modal equivalent circuits are 
illustrated. The behavior of the resulting modes is studied in a wide 
frequency range, the impact of different cable parameters and 
burial configurations on the modal characteristics are analyzed. A 
concept for online fault localization in HVDC cable transmission 
based on the difference between the modal velocities and 
consequently the arrival times of the modal traveling wave (TW) 
initial peaks is presented. In this method, modal voltages and 
currents are used instead of direct measurements and the 
proposed concept uses one-sided measurement without needing to 
detect the second TW reflections. Multiple faults are applied to 
CIGRE HVDC models in PSCAD/EMTDC and the modal analysis 
is obtained in MATLAB. The impact of different sampling 
frequencies, fault resistance, fault location and different 
grounding schemes on the proposed modal fault location principle 
is analyzed. The theoretical results show the accuracy of the 
proposed modal fault localization concept for different HVDC 
cable bundles. 
 
Index Terms— Eigenvalue Analysis, Fault location, HVDC 
Cables, Modal Theory, Transients, Traveling Waves. 
I. INTRODUCTION 
igh Voltage Direct Current (HVDC) cable transmission is 
gaining more attention worldwide, mainly due to 
widespread underground and submarine transmission for 
offshore wind generation and connecting largescale AC regions 
using both line-commutated converter (LCC-HVDC) and 
voltage source converter (VSC-HVDC) based transmission. 
However, there are technical obstacles to the protection of 
cables compared to overhead line (OHL)s. In both HVAC and 
HVDC transmission, detecting and locating faults is more 
straightforward for OHLs than cables, because of higher 
attenuation in the cables due to having contact with materials, 
which have a higher permittivity than air. Additionally, more 
complex calculations are needed in cable transmission, because 
of dealing with more coupled conducting layers than OHLs. 
Moreover, unlike the OHLs, in which the transmission section 
is visible, it is more difficult to locate the fault for buried 
underground and submarine cables [1]. Thereupon, developing 
novel HVDC cable fault location methods, in both offline and 
online ways, is an important topic that needs to be investigated 
in order to improve HVDC transmission technology. Having a 
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robust and reliable fault localization method for HVDC cables 
can save a massive amount of time and expenses in the repair 
process [2]. Currently, fault location of HVDC cables consists 
of standard offline methods, like time domain reflectometry 
(TDR), in which an offline rectangular impulse traveling wave 
(TW) signal is sent to one end of the cable, and the reflection 
time is measured [3]. The bridge measurement is another offline 
fault localization method, which is based on measuring the 
resistance variations along the faulty cable using Murray loop.  
A recent publication in offline fault localization in HVDC 
cables [4], presented an offline time-frequency reflectometry 
(TFDR) method, which approximates the fault location in 
HVDC cables based on combined Euclidean, tangent distance 
and time-frequency analysis. The method was tested on 
practical cables in real-time and gave results with an acceptable 
error. Despite the workability of offline fault location methods 
for HVDC cables, the main disadvantages are the significant 
time-consuming process and the need for providing external 
testing equipment [2]. There are also publications investigating 
online fault detection and localization for both LCC and VSC-
HVDC systems, which are mostly based on TWs [5]–[7], the 
rate of change of voltage (ROCOV) [8] and artificial 
intelligence [9]. The TW-based techniques depend on the 
detection of the reflection of the fault waves for one-sided 
measuring, which is hard to detect considering the interference 
of several reflection and refractions particularly for faults close 
to the measuring location.  
Considering that several conducting layers exist in HVDC 
cables, there can be multiple measurement methods, which may 
be useful for fault detection and allocation. Most of the 
researches use directly measured fault data from core 
conductors [10] and studies also exist using directly measured 
sheath voltages [11]. However, due to multiple loops in the 
cable layers, the measured voltages and currents are coupled 
particularly at low frequencies. They can be transformed into 
the decoupled modal values that contain accurate information 
about the attenuation, speed and the arrival time of the fault 
transient data. Consequently, these modal values can be used 
for fault detection and localization, which can give more 
accurate results than directly using coupled pole values. Modal 
analysis is a well-known method for decoupling n-conductor 
systems. It is based on eigenvalue theory and it is used to 
diagonalize matrices with off-diagonal elements. Regarding the 
cable studies, modal theory deals with the decoupling process 
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of conducting layers and going from the phase values to the 
modal values. Each of the modes have specific attenuation, 
velocity and arrival time to the measurement point [12]. There 
are studies that use the modal analysis in a way that consider 
only main conductor and ground modes, which is mostly proper 
for OHL transmission [13]. Recent works regarding the 
traveling wave-based fault location of HVDC links, tried to use 
this method of modal analysis for designing fault locator for 
OHLs, which use the arrival time delay between conductor and 
ground modes [14]. The authors concluded that this method is 
feasible only for long OHLs. However, in cable transmission, 
the modal velocities are slower than OHLs, and it is possible to 
detect the initial peaks for closer locations. Additionally, using 
conductor and ground modes may not be feasible for fault 
location, because the detection of initial peak for the ground 
mode is challenging compared to intersheath and interarmour 
modes, which will be introduced in this paper for HVDC cable 
transmission. 
In HVAC cables, due to cross-bonding, accurate detection of 
the modes is challenging. Each mode generates other modes at 
the end of each section due to the change in the forward 
impedance. Thereupon, there are several modal transient 
interferences at the end of the cable. Regarding the HVDC 
cables, there is no cross-bonding and the external cable layers 
are usually bonded in the two ends. Thus, the modes can be 
distinguished easier. In this paper, the modal analysis of HVDC 
cables based on eigenvalue theory is presented. The 
contributions of this paper are as follows: 
1) Studying the modal analysis of HVDC cable bundles. It 
gives detailed information about the modal characteristics 
of transients in the time and frequency domain. Most of the 
modal studies in HVDC cables, simply consider only 
coaxial and ground modes. This paper gives detailed 
characteristics for all modes in HVDC cables. 
2) Different HVDC cable layer constructions and HVDC 
cable bundles used in current practical HVDC topologies, 
including innovative construction with the integrated 
return are considered and the modal matrices are developed 
for each construction. Specific transformation matrices are 
proposed for each bundle in order to convert the directly 
measured data into the modal value. The equivalent circuit 
diagram of each mode is also presented. 
3) Impacts of different parameters regarding the geometric 
and materialistic configurations of the cable bundles and 
the burial and grounding configurations on the modal 
characteristics are extensively studied. 
4) By using the difference in the initial arrival peak of the 
detected modal transients due to modal velocity difference 
in HVDC cables, this paper proposes a new TW-based fault 
location concept for HVDC cable transmission. This 
technique can be used for online fault localization in 
HVDC cables requiring only the measured current fault 
TWs, and the cable data provided by the manufacturer. It 
does not require external offline pulse injection using 
commercial cable fault localization technology. The 
concept uses one-sided current measurement. Additionally, 
the detection of the second reflection of TWs, which is 
essential for one-sided fault detection and localization 
studies, is not necessary. Moreover, different pairs of the 
modes are possible to be selected and used as a backup, 
when the detection of the main pair of modes was not 
successful.   
The remainder of this paper is written as follows: section II 
explains the basics about some of the HVDC cable types, 
arrangements, and bundles that are used in current installations 
worldwide. Section III describes the modal theory used for 
decoupling the longitudinal impedances and voltage and 
currents. The characteristics of the modes in contrast to 
frequency and the impact of different parameters are analyzed 
in section IV and the fault localization concept based on the 
modal velocity difference is proposed in section V. Section VI 
discusses some of the considerations for the proposed principle. 
Finally, the conclusions are given in section VII. 
II. HVDC CABLE TYPES 
A. HVDC Cable Materials 
There are three major HVDC cable types used in current 
installations, namely: Mass-impregnated (MI), Self-Contained 
Fluid-Filled (SCFF), and Extruded cables. The main difference 
is the materials used in cable layers, particularly for insulation 
layers [15]. The resistivity and permeability of conducting and 
insulating layers may have a significant impact on the transient 
characteristics of fault currents and voltages.  
B. HVDC cable Arrangements 
According to the HVDC topology used, different cable 
arrangements can be considered. The majority of them are 
categorized as follows: 
1) Two core coaxial cables 
In this study, coaxial cables are considered to have a core and a 
screen layer as conducting layers that are separated by an 
insulation layer. The two core coaxial (TCC-HVDC) cable 
bundle consists of two coaxial HVDC cables with the 
mentioned construction, which is depicted in Fig.1 (a). 
2) Single core extruded with metallic return 
In HVDC transmission, a metallic return path can be bundled 
with the main transmission cable instead of using sea or ground 
as the return. This can be mainly used for asymmetric monopole 
configuration like Neptune regional transmission system [16] 
The so-called single core extruded with metallic return 
(SCEMR-HVDC) cable is depicted in Fig.1(b). In this 
construction, an armor is considered for the return coaxial cable 
instead of the screen. 
3) Two core extruded cables 
This arrangement is very common and it is mainly used for 
symmetric monopole configurations and symmetric bipole with 
ground return. The KontiSkan1 link between Denmark and 
Sweden, the Kontek link between Denmark and Germany and 
the NordNed HVDC cable between Norway and Netherland 
[17] are early and late examples for this arrangement. Fig.1 (c) 
shows the construction of two core extruded (TCE-HVDC) 
cable. 
4) Extruded with integrated metallic return cables 
Other than conventional cable bundles, there also some 
installations with innovative configurations that bring new 
transmission possibilities for HVDC cable systems. The 
installed HVDC cable between Ireland and Scotland in 2002 
has an integrated metallic coaxial layer as the return path that 
has many benefits to conventional cables, like better 
mechanical properties and armoring, less external magnetic 
field and more compact laying properties [17]. Fig. 1 (d) depicts 
the construction of extruded with integrated metallic return 
(EIMR-HVDC) cable.  
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3 
There are other HVDC cable bundle possibilities that can be 
designed with more complex modal arrangements. As an 
example, the symmetric bipole with metallic return can consist 
of two extruded conductors and a coaxial return in a bundled 
package. However, they are still not practically produced and 
installed and thus are skipped in this paper. 
III. MODAL ANALYSIS OF HVDC CABLES 
A. Loops in Various Cable Constructions 
Considering multiple conducting layers of cables that are buried 
underground/sea and various bonding methods, there are a 
number of loops based on the cable layer arrangement. This 
makes cable analysis more complex than for OHLs with fewer 
conducting layers [18]. The current flowing in each layer 
circulates in a loop with the neighbor outer layer. The procedure 
of building impedance and admittance matrices for both HVAC 
and HVDC cables are the same and are given in textbooks and 
papers [12], [15], [18] and will be skipped in this paper. Fig. 
2(a-c) illustrates the loops for HVDC cables with two (TCE-
HVDC), three (TCE-HVDC) and four (EIMR-HVDC) 
conducting layers, respectively. According to the loop 
impedances, a relation between loop voltage and currents is 
expressed as: 
𝑽𝐋 = 𝒁𝐋. 𝑰𝐋                                     (1) 
Where, 𝒁𝑳 , 𝑽𝑳 and  𝑰𝑳 are loop impedance, voltage and current 
matrices, respectively. According to Fig. 2, 𝑽𝑳 and 𝑰𝑳  matrices 
will be determined based on the cable layers, given in the black 
and red parameters, respectively. Eq. (1) needs to be converted 
from loop to series parameters for modal analysis. According to 
the well-known coaxial cylindrical conductors theory, the 
transformation matrices for converting loop impedance matrix 
to series impedance matrix are given in Eq. (2) as 𝑻𝟏, 𝑻𝟐, 𝑻𝟑, 
and 𝑻𝟒 for TCC-HVDC, SCEMR-HVDC, TCE-HVDC and 
EIMR-HVDC cables, respectively. Each row of the 
transformation matrix corresponds to one cable layer. Eq. (3) 
gives the equation for changing from the loop impedance matrix 
to series impedance matrix. 
𝒁𝐩𝐡 = [𝑻]
−𝐓. 𝒁𝐋 . [𝑻]
−𝟏                         (3) 
Now the series impedance matrix and pole voltage and current 
values for each layer are achieved. However, the resulted series 
impedance matrix will have off-diagonal elements that need to 
be diagonalized in order to have decoupled values. This is 
performed by the eigenvalue analysis of the series impedance 
matrix. 
B. Eigenvalue Analysis and the Modal Theory 
Modal theory, i.e., eigenvalue analysis has been extensively 
used in power system stability [12], fault analysis [13], and 
power electronics control [19]. In overhead lines and cables 
with distributed parameters modeling, eigenvalue theory is used 
to have decoupled modal wave propagation parameters. Each 
mode has specific attenuation, speed, and characteristic  
 
 
 
Fig. 1.  HVDC cable bundles: (a) Two core coaxial (TCC-HVDC), (b) Single 
core extruded with metallic return (SCMR-HVDC), (c) Two core extruded 
(TCE-HVDC), (d) Extruded with integrated metallic return (EIMR-HVDC). 
 
 
Fig. 2.  Loops along cable layers for different HVDC cable constructions. (a): 
Two conducting layers cable (b): three conducting layers cable (c): Four 
conducting layers cable. 
impedance. The telegraph equations for a transmission line can 
be written as (4) and (5) [18]:  
[
𝑑𝑽𝒑
2
𝑑𝑥2
] = [𝒁𝒑][𝒀𝒑][𝑽𝒑]                         (4) 
[
𝑑𝑰𝒑
2
𝑑𝑥2
] = [𝒀𝒑][𝒁𝒑][𝑰𝒑]                             (5) 
Where, 𝒁𝒑 and 𝒀𝒑 are series impedance and admittance 
matrices based on the pole conductors. The matrix [𝒁𝒑][𝒀𝒑], 
which is a non-diagonal matrix, can be written as Eq. (6): 
[𝒁𝒑][𝒀𝒑] = 𝑹𝜦𝑳 = 𝑹 [
𝜆1 0
0 𝜆2
0 0
0 0
0 0
0 0
𝜆3 0
0 𝜆4
] 𝑳            (6) 
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𝑻𝟏 = [
1 0 0 0
−1 1 0 0
0 0 1 0
0 0 −1 1
]     𝑻𝟐 =
[
 
 
 
 
1 0 0 0 0
−1 1 0 0 0
0 0 1 0 0
0 0 −1 1 0
0 0 0 −1 1]
 
 
 
 
  𝑻𝟑 =
[
 
 
 
 
 
1 0 0 0 0 0
−1 1 0 0 0 0
0 −1 1 0 0 0
0 0 0 1 0 0
0 0 0 −1 1 0
0 0 0 0 −1 1]
 
 
 
 
 
  𝑻𝟒 = [
1 0 0 0
−1 1 0 0
0 −1 1 0
0 0 −1 1
]  
(2) 
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4 
Where, matrix 𝚲, which is a diagonal matrix, is called the 
eigenvalue or modal matrix and can be found using the 
characteristic equation of the matrix. Matrix 𝑹 and 𝑳 are the 
right and left eigenvector matrix, respectively and their relation 
is as (7): 
𝑳 = 𝑹−𝟏                                     (7) 
Accordingly, 𝚲 is the modal matrix for[𝒁𝒑][𝒀𝒑], which can be 
found using (8): 
𝜦 = 𝑹−𝟏[𝒁𝒑][𝒀𝒑]𝑹                           (8) 
Matrix 𝑹 will be the eigenvector matrix for voltage transform 
and it is defined as 𝑲𝒗. Then, the modal voltage can be found 
using (9): 
[𝐕𝐦] =  𝐊𝐯
−𝟏[𝐕𝐩]                               (9) 
Where, 𝑽𝒎 is the modal matrix of voltage. Having the same 
process, the modal current will be found using (10): 
[𝐈𝐌] =  𝐊𝐢
−𝟏[𝐈𝐩]                               (10) 
Where, 𝑲𝒊 is the current transformation matrix and 𝑰𝑴 is the 
modal matrix of current. The relation between current and 
voltage transformation matrix will be as: 
𝑲𝒊 = 𝑲𝒗
−𝑻                                (11) 
The relation between modal voltage and currents is as (12): 
[𝑽𝑴]=[𝒁𝑴]. [𝑰𝑴]                              (12) 
Then propagation constant can be found as √𝜦 , Where, the real 
part is the attenuation and the imaginary part is called the phase 
constant. The modal velocity can also be found using (13): 
𝜐 =
2𝜋𝑓
𝑖𝑚(√𝜦)
                           (13) 
Where 𝑓 is frequency and 𝜐 is the modal speed. 
C. Developing modal matrices for HVDC cable bundles 
1) Two core Coaxial cable  
In TCC-HVDC cables, a core conductor and a screen layer are 
considered for each pole.  Hence, a total of four modes exist for 
this bundle. The transformation matrix  𝑻𝟏 given in (2) is used 
to convert the loop impedance matrix to longitudinal series 
impedance matrix and then the eigenvalue analysis is applied to 
acquire the modal values. Each of the non-zero elements 
resulted in the diagonal matrices is an eigenvalue of the series 
impedance matrix and contains the characteristic information of 
a specific mode. The modes for this cable are defined as  𝑽𝑴
𝑇 =
[V0, V1, V2, V3] and 𝑰𝑴
𝑇 = [I0, I1, I2, I3], as voltage and current 
modes, respectively. The pole voltage and currents are defined 
as 𝑽𝑷
𝑇 = [Vc1, Vc2, Vs1, Vs2] and 𝑰𝑷
𝑇 = [Ic1, Ic2, Is1, Is2]. The first 
row to the fourth row of the matrix 𝐾𝑖−𝑇𝐶𝐶  correspond to core 
1, core 2, screen 1 and screen 2, respectively. The 𝑲𝒊−𝑻𝑪𝑪 
matrix and the equivalent circuits of the modes are given in Eq. 
(14) and Fig. 3, respectively (only conducting layers are 
depicted in all modal figures). The first mode (V0, I0) is a zero-
sequence ground mode where the same current in injected into 
both screens and corresponds to screen-ground loops. It is 
equivalent to the first column of 𝑲𝒊−𝑻𝑪𝑪 matrix and is depicted 
in Fig 3 (a). The second mode (V1, I1) is an intersheath mode 
where current is flowing in screen-screen loops. This mode 
corresponds to the second column of 𝑲𝒊 and is shown in Fig 3 
(b). In the third mode (V2, I2), current is injected into one pole 
and returns in another pole. This mode is an interconductor 
mode at lower frequencies and a pure coaxial mode in high 
frequencies. The third column of 𝑲𝒊−𝑻𝑪𝑪 and Fig. 3 (c) 
corresponds to this mode. The fourth mode (V3, I3), is a zero-
sequence coaxial mode where current is injected into the core 
conductors and returns both screens. It corresponds to the fourth 
column of 𝑲𝒊−𝑻𝑪𝑪 and is depicted in Fig. 3(d). 
𝑲𝒊−𝑻𝑪𝑪 =
[
 
 
 
 0 0 √2/2 √2/2
0 0 −√2/2 √2/2
1 1 −√2/2 −√2/2
1 −1 √2/2 −√2/2]
 
 
 
 
                         (14) 
2) Single core Extruded with Metallic return 
In SCEMR-HVDC cable, there are a total of five modes and the 
modal voltage and current matrices are 𝑽𝑇 = [V0, V1, V2, V3, V4] 
and 𝑰𝑇 = [I0, I1, I2, I3, I4], with elements as for coaxial 1, 
sheath, ground, interarmor and coaxial 2 modes, respectively. 
The pole voltage and current matrices for this cable model are 
defined as 𝑽𝑷
𝑇 = [Vc1, Vc2, Vs1, Vs2, Va1]  and  𝑰𝑷
𝑇 =
[Ic1, Ic2, Is1, Is2, Ia1] respectively. Therefore, the sequence of the 
rows of the matrix 𝐾𝑖−𝑆𝐶𝐸𝑀𝑅 will be as core 1, core 2, screen 1, 
screen 2 and armor 1. The current modal matrix is given in (15) 
and the corresponding equivalent circuits are depicted in Fig. 4. 
The first mode (V0, I0) is a coaxial mode where current is 
injected into a core and returned in the screen of the same cable. 
This mode corresponds to the first column of 𝑲𝒊−𝑺𝑪𝑬𝑴𝑹 and Fig. 
4 (a). The second mode (V1, I1) is a sheath mode where current 
is injected into the screen of the main cable and returns in the 
armor of the same cable. The second column of 𝐾𝑖−𝑆𝐶𝐸𝑀𝑅 and 
Fig. 4 (b) depict this mode. The third mode (V2, I2) is a zero 
sequence ground mode where the same current is injected into 
both armors and is returned from the ground. The third column 
of 𝑲𝒊−𝑺𝑪𝑬𝑴𝑹  and Fig 4 (c) shows this mode. The fourth mode 
(V3, I3)  is and interarmor mode where current is injected into 
the armor of the main cable and returns in the armor of the 
ground return cable. It corresponds to the fourth column of 
𝑲𝒊−𝑺𝑪𝑬𝑴𝑹 and Fig. 4 (d). The last mode (V4, I4) for this cable is 
a coaxial core mode which is similar to the first mode but for 
the ground cable. 
𝑲𝒊−𝑺𝑪𝑬𝑴𝑹 =
[
 
 
 
 
1 0 0 0 0
0 0 0 0 1
−1 √2 0 0 0
0 −√2 1 1 0
0 0 1 −1 −1]
 
 
 
 
                   (15) 
3) Two core Extruded cables  
In TCE-HVDC cable bundles, three conducting layers exist for 
each core. Hence, there are a total of six modes with the 
matrices 𝑽𝑇 = [V0, V1, V2, V3, V4, V5] and  𝑰
𝑇 = [I0, I1, I2, I3,
 I4, I5], and the polar voltage and current matrices 𝑽𝑷
𝑇 =
[Vc1, Vc2, Vs1, Vs2, Va1, Va2]  and 𝑰𝑷
𝑇 = [Ic1, Ic2, Is1, Is2, Ia1, Ia2], 
respectively. The columns of 𝑲𝒊−𝑻𝑪𝑬 correspond to ground 
(V0, I0), interarmor (V1, I1), coaxial 1 (V2, I2), sheath 1 (V3, I3), 
coaxial 2 (V4, I4) and sheath 2 (V5, I5) modes, respectively. 
Coaxial modes are similarly injected into the core and returned 
to the screen of each pole and the sheath 
 
 
Fig. 3.  Equivalent circuits for the modes in TCC-HVDC cables  (a): ground 
(b): intersheath (c): coaxial 1 (d): coaxial 2. 
(a) (b)
(c) (d)
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Fig. 4.  Equivalent circuits for the modes in SCEMR-HVDC cables (a): coaxial 
1 (b): sheath (c): ground (d): interarmor (e): coaxial 2. 
 
modes correspond to screen-armor loops of each pole. The 
modes are depicted in Fig. 5 and the matrix is given in Eq. (16). 
𝑲𝒊−𝑻𝑪𝑬 =
[
 
 
 
 
 
 
0 0 1 0 0 0
0 0 0 0 1 0
0 0 −1 √2 0 0
0 0 0 0 −1 √2
1 1 0 −√2 0 0
1 −1 0 0 0 −√2]
 
 
 
 
 
 
               (16) 
4) Integrated metallic return cables  
In EIMR-HVDC cable, instead of a separate coaxial metallic 
return cable, an additional layer exist between sheath and armor 
as the return path. This layer adds another loop in 
correspondence to Fig. 2 (c). Hence, there will be a total of four 
modes with the modal voltages and currents of matrices  𝑽𝑇 =
[V0, V1, V2, V3, V4] and 𝒊
𝑇 = [I0, I1, I2, I3, I4], with polar matrices 
as 𝑽𝑷
𝑇 = [Vc1, Vs1, Vr1, Va1] and 𝑰𝑷
𝑇 = [Ic1, Is1, Ir1, Ia1], 
corresponding to each row of matrix 𝐾𝑖−𝐸𝐼𝑀𝑅, respectively.  
The first to the fourth columns of 𝐾𝑖−𝐸𝐼𝑀𝑅 in (17) show coaxial 
(V0, I0), sheath (V1, I1), ground (V2, I2), and a return mode 
(V3, I3), respectively. In the return mode, current is injected into 
the return conductor and is returned in the armor, which is the 
fourth layer in EIMR-HVDC cable. Fig. 6 depicts the modes for 
this cable. 
𝑲𝒊−𝑬𝑰𝑴𝑹 =
[
 
 
 
1 0 0 0
−1 √2 0 0
0 −√2 0 √3
0 0 2 −√3]
 
 
 
                         (17) 
D. Modal velocity difference for fault location 
Each of the modes for every cable bundle, has a specific 
attenuation and velocity in different frequencies. The difference 
in the velocity of the decoupled modes can be used for fault 
localization in HVDC cable bundles. In HVAC systems, the 
cables are cross-bonded and the modes have interference at the 
end of each section. In fact, each mode divides itself into the 
other modes at the crossing point. The cross-bonding also 
causes higher modal attenuation, which makes the detection of 
modes more challenging. However, cross-bonding does not 
exist in HVDC cables and there is no interference between the 
modes at any distance in the middle of the cable, except in case 
of joining points in multi-terminal HVDC links. Thereupon, the 
detection of modes is feasible in HVDC cable transmission. 
Considering the difference in the velocity of each mode, they 
have different arrival times to the measurement location. Due 
 
 
Fig. 5.  Equivalent circuits for the modes in TCE-HVDC cables (a): ground 
(b): interarmor (c): coaxial 1 (d): sheath 1 (e): coaxial 2 (f): sheath 2. 
 
 
Fig. 6.  Equivalent circuits for the modes in EIMR-HVDC cables (a): coaxial 
(b): sheath (c): ground (d): return. 
to the decoupled system of the modes in high frequencies, the 
fault location using time difference between the modes gives 
more accurate results than using the arrival time of pole layers. 
Having the arrival time of the modes, the fault location is 
determined using the following equation based on one-sided 
measurement: 
d =
∆tij
(
1
υj,f
−
1
υi,f
)
                                (18) 
 
Where, d is the determined fault distance from the measurement 
location, ∆tij is the arrival time difference between the modes 𝑖 
and 𝑗. υi,f and υj,f are the velocities for modes 𝑖 and 𝑗 at the 
frequency 𝑓 respectively. Fig. 7 depicts the flowchart for 
determining 𝑲𝒊,  modal currents, and fault location. 
IV. CHARACTERISTICS OF THE MODES 
The pole impedance and admittance matrices and consequently 
the resulted eigenvalues are complex numbers, which are 
frequency dependent. In lower frequencies, the modes are 
coupled and the modal matrices still have small size off-
diagonal elements. As the frequency increases, the imaginary 
part of the eigenvalues gets closer to zero [18]. Table I shows 
the frequency dependency of the modal attenuation and velocity 
for all cable bundles. The modal attenuations are the real part 
of √𝚲  and the modal velocities are calculated using (17). The 
cable data for different bundles are adopted from [12], [20], 
[21]. According to the table I, for frequencies higher than 100 
kHz, the modal velocities do not change significantly. In high 
frequencies, the modes are considered as completely decoupled 
and the frequency of 1 MHz is considered for all modal studies 
in this paper. The remainder of this section studies the impact 
of cable dimensional parameters, material properties and burial 
configurations on the modal characteristics. Due to page 
limitations, only a number of parameters are studied for each 
(a) (b)
(c) (d)
(e)
(a) (b)
(c) (d)
(e) (f)
(a) (b)
(c) (d)
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Fig. 7.  Flowchart for calculating different parameters explained in section III. 
cable bundle. Tables II-V give modal characteristics based on 
different parameters. The results given in tables II-V are 
obtained in the frequency of 1 MHz. The highlighted values 
give the parameters used as the cable bundle data for fault 
localization in section V. 
A. Impact of dimensional parameters 
Table II shows the impact of dimensional parameters on the 
modal characteristics of TCC-HVDC cable bundle. According 
to the results, when the burial depth increases, ground mode 
attenuation and velocity increase. This leads to a decrease in the 
attenuation of the intersheath mode, while the intersheath 
velocity faces a slight increase. The coaxial mode parameters 
remain constant with different burial depths. When the radius 
of the core insulation gets larger, the attenuation of the ground 
and intersheath modes increase, while the coaxial attenuation 
gets smaller. The ground velocity decreases, while the 
intersheath and coaxial velocities get larger with an increase in 
the radius of the core insulation. According to the table, an 
increase in the sheath radius leads to an increase in the ground 
mode attenuation and a slight decrease in intersheath 
attenuation, while the coaxial attenuations remain constant. 
Increasing the sheath radius, will diminish the velocity of the 
ground mode and increase the intersheath mode velocity, while 
the coaxial speeds remain constant. According to the results for 
the impact of dimensional parameters, they do not have a 
significant impact on the modal attenuation and velocities and 
all the mentioned changes are very small, particularly on the 
coaxial modes. 
The impact of different burial angles and the distance between 
the poles for TCE-HVDC cable are given in table III. As the 
distance between the two poles increase, both attenuation, and 
velocity of the ground mode increases, while the attenuation 
and velocity of the interarmor mode get smaller. The 
attenuation and velocities for the coaxial and sheath modes 
remain constant with a small change in the distance between the  
poles. According to the table, there is not a significant 
difference in the modal characteristics between different burial 
angles, namely horizontal, vertical, and with 45⸰ angle. 
 
TABLE I: FREQUENCY DEPENDENCY OF MODAL ATTENUATION AND 
PROPAGATION VELOCITY IN VARIOUS HVDC CABLE BUNDLES 
Frequency [𝑯𝒛] 1K 2K 5K 100K 1M 
TC
C
-H
V
D
C
 
A
tt. 
[𝒅
𝑩
/𝑲
𝒎
] 
𝑽𝟎 0.26 0.49 1.21 28.97 357.35 
𝑽𝟏 0.22 0.22 0.22 0.37 3.75 
𝑽𝟐 0.07 0.09 0.11 0.32 1.04 
𝑽𝟑 0.09 0.10 0.11 0.32 1.04 
V
e
l. 
[𝒎
/𝝁
𝒔
] 
𝑽𝟎 12.46 12.75 13.15 14.90 17.11 
𝑽𝟏 52.69 49.27 51.43 52.68 53.60 
𝑽𝟐 164.66 181.51 191.22 195.31 196.93 
𝑽𝟑 178.23 181.25 191.22 195.31 196.93 
SC
EM
R
-H
V
D
C
 
A
tt. 
[𝒅
𝑩
/𝑲
𝒎
] 
 
𝑽𝟎 0.05 0.06 0.07 0.27 0.86 
𝑽𝟏 0.57 0.92 1.72 13.90 60.15 
𝑽𝟐 0.35 0.64 1.46 29.29 341.94 
𝑽𝟑 0.41 0.65 1.16 6.34 21.59 
𝑽𝟒 0.22 0.37 0.67 4.04 13.89 
V
e
l. 
[𝒎
/𝝁
𝒔] 
𝑽𝟎 183.26 188.25 191.31 195.74 197.06 
𝑽𝟏 42.27 50.12 62.15 138.47 156.35 
𝑽𝟐 12.86 13.28 13.86 15.96 18.45 
𝑽𝟑 35.69 39.63 44.40 54.14 56.72 
𝑽𝟒 78.72 89.60 104.18 141.11 153.30 
TC
E-H
V
D
C
 
A
tt. 
[𝒅
𝑩
/𝑲
𝒎
] 
𝑽𝟎 0.34 0.62 1.33 26.88 320.28 
𝑽𝟏 0.38 0.59 1.04 5.39 12.82 
𝑽𝟐 0.08 0.09 0.11 0.32 1.04 
𝑽𝟑 0.70 1.10 2.05 16.38 73.76 
𝑽𝟒 0.08 0.09 0.11 0.32 1.04 
𝑽𝟓 0.70 1.10 2.05 16.38 73.76 
V
e
l.  
[𝒎
/𝝁
𝒔] 
𝑽𝟎 14.12 14.59 15.21 17.53 20.32 
𝑽𝟏 38.09 42.09 46.86 56.22 58.36 
𝑽𝟐 175.88 185.21 190.56 195.31 196.93 
𝑽𝟑 36.88 44.02 55.05 104.00 147.94 
𝑽𝟒 175.88 185.21 190.56 195.31 196.93 
𝑽𝟓 36.88 44.02 55.05 144.40 147.94 
EIM
R
-H
V
D
C
 
A
tt. 
[𝒅
𝑩
/𝑲
𝒎
] 
𝑽𝟎 0.02 0.03 0.04 0.32 1.03 
𝑽𝟏 0.24 0.28 0.78 2.21 7.47 
𝑽𝟐 0.17 0.34 0.94 15.91 182.78 
𝑽𝟑 0.12 0.16 0.32 6.78 25.43 
V
e
l. 
[𝒎
/𝝁
𝒔
] 
𝑽𝟎 178.14 181.69 187.87 195.35 196.94 
𝑽𝟏 133.28 152.09 153.67 186.10 192.33 
𝑽𝟐 19.20 19.69 25.35 29.33 33.82 
𝑉3 133.08 139.27 94.87 151.53 179.61 
B. Impact of layer material properties 
The impact of different resistivity values for conducting layers 
of TCE-HVDC cables are given in table IV. An increase in the 
resistivity of the main conductor will increase the attenuation of 
coaxial core mode, while slightly decreases its velocity. The 
rest of the modes will have constant attenuation and velocity 
with change in the core resistivity. As the sheath resistivity for 
the main cable increases, modal attenuation for coaxial core and 
sheath modes get larger and their velocity gets smaller. The 
attenuation and velocity of the other modes remain constant. An 
increase in the resistivity of the armor will increase the 
attenuation of the sheath, ground, and armor modes while 
decreasing their velocity. According to the results, any change 
in the resistivity of conductor layers for one of the poles, will 
not have a significant impact on the coaxial modes of the other 
pole. In summary, the resistivity of a specific layer will have a 
direct impact on the attenuation and an opposite impact on the 
velocity of the modes resulted from the neighbor layers in the 
same cable. 
Start
Input HVDC cable data and 
burial parameters
Calculate Eigenvalue and Eigenvector matrices for each bundle as 
Eq.s (14), (15), (16), and (17) using Eq (6), and phase impedance 
matrices
Determine phase values using Eq.s (1), (2), and (3)
Calculate Kv and Ki 
matrices using Eq.s (6) 
and (11)
Calculate modal 
attenuation and velocity 
using Eq.s (6) and (13)
Calculate modal 
voltages and currents 
using Eq.s (9) and (10)
Determine modal fault location using Eq. (18), 
Ki, modal velocity, and modal current
End
I: Offline
stage
II: Online
stage
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Table V studies the impact of layer permeability on the modal 
characteristic of EIMR-HVDC cables. According to the table, 
an increase in the permeability of the core conductor, will 
increase the attenuation of the coaxial core and decrease its 
velocity. No change is observed in the characteristics of the 
other modes on this test. As the sheath permeability increases, 
the attenuation of the coaxial and sheath modes increase, while 
their velocity gets smaller. Any change in the armor 
permeability also has a direct impact on the attenuation of 
ground and return modes and opposite impact on their velocity. 
After extensive tests on the impact of different materials on the 
characteristics of the modes on different cable bundles, it is 
observed that the conductor permeability have the most 
significant impact on the attenuation and speed of the modes 
among all tested parameters. The most significant impact was 
for the armor permeability of TCE-HVDC cable. Using 
different material for the armor and consequently with a change 
in the armor relative permeability for TCE-HVDC cable from 1 
to 400, the modal attenuation significantly increases, which 
may make the detection of the initial peaks of the modes 
challenging. Hence, the selected material in TCE-HVDC cable 
has armor relative permeability of 400, to have the most 
challenging situation for fault localization case in section VI. 
V. MODAL VELOCITY DIFFERENCE FOR FAULT LOCATION 
According to the different modes explained in section III and 
the determined modal velocities in Table I, there are various 
possibilities between every two modes in each bundle than 
theoretically can be used for the fault location. The proposed 
fault localization concept only needs the measured fault data 
from one side of the cable and there is no need for the 
communication link. Most of the TW-based fault detection and 
location techniques that use one-side measurements in both 
HVAC and HVDC systems, measure the time difference 
between the first wave arrival time and the second reflection 
time. In this method, only the initial peak of different pairs of 
the modes are used for fault localization and there is no need to 
detect the second reflection of the waves, which is challenging 
to be accurately detected.  
To analyze the fault localization using the proposed modal 
principle, extensive tests with various configurations are 
investigated and the impact of different parameters are studied. 
Each of the proposed cable bundles is used to study a specific 
parameter. Fig. 8 depicts the single line diagram of CIGRE 
LCC and VSC HVDC links, which are used for fault analysis. 
The systems are simulated in PSCAD and the defined faults are 
applied on different cable bundles. Standard PSCAD current 
measurement blocks are inserted at the end of each conducting 
layer in one side of the transmission links. The ammeter 
placement and the corresponding parameters are shown in Fig. 
8. Table VI shows the defined fault scenarios used in different 
study cases. Technical data can be found in [22] for LCC-
HVDC link used for testing SCEMR-HVDC cable and the 
VSC-HVDC system used for TCC-HVDC and TCE-HVDC 
cable tests are given in [21]. The cable data for different bundles 
are adopted from [12], [20], [21]. The cables series impedance 
and admittance matrices are obtained for the frequency of 1 
MHz and the data is exported to MATLAB. Eigenvalue 
analysis, the related parameters, the modal voltages and 
currents, and the modal fault location are determined according 
to the flowchart given in Fig. 7. This paper focuses on the 
behavior of modes for different HVDC cable bundles in 
frequency and time domain. In this section, only the principle 
of the fault localization based on the modal velocity difference 
is proposed and the time difference between the initial peaks of 
the modes is studied. The signal processing, which must be used 
for accurate detection of the modal initial peaks and 
implementation of the proposed technique to design an online 
fault localization algorithm is not in the scope of this paper and 
it is considered as future research. In all study cases, the exact 
sample that each modal wave faces an increasing change is 
considered as the initial arrival of the fault transient, which may 
have a small error based on the sample delays resulted in the 
signal processing technique used. Impact of different 
parameters on the accuracy of the proposed modal technique to 
detect the fault location is studied in the following section. 
A. Impact of sampling frequency: 
Fault I studies the impact of different sampling frequencies on 
the modal initial peak arrivals in TCC-HVDC cable. The line 
length is 400 km and the fault is applied to the middle of the 
line. According to the coaxial and sheath modal velocities in the 
frequency of 1 MHZ given in table I, the modal time difference 
using sampling frequencies of 1 MHz, 40 kHz, and 20 kHz, is 
depicted in Fig. 9 (a-c), respectively. Table VII gives the modal 
time different results, determined fault location, and the 
corresponding relative error. Although the frequency of 1 MHz 
is used as the default sampling frequency for all cases to shows 
the most accurate arrival peaks for the modes, the results prove 
that lower sampling frequencies also give acceptable results for 
the time difference between the modal initial peaks. However, 
based on the signal processing techniques used for designing 
the fault location algorithm, the total sample delays may vary, 
which is dependent on the accuracy and robustness of the signal 
processing technique used. 
B. Impact of fault resistance 
Faults II-IV study the impact of fault resistance on the initial 
peaks of modes in SCEIMR-HVDC cable. The total length of 
the cable bundle for this case is 100 km, and all the faults are 
applied to the middle of the line. Fig. 10 (a-c) depict the modal 
fault waves for faults I-IV, respectively. According to the 
figure, for higher impedance faults, the detection of the modal 
initial peaks will be more challenging for the signal processing 
method used. However, it is still possible to detect the modal 
peak arrivals and the initial peaks can still be clearly 
distinguished from the normal situation in modal fault current 
wave. Different combination of the modes can be used for 
locating the fault. The time difference between the initial peaks 
of coaxial 1- sheath, and coaxial 1- coaxial 2 modes are 63 𝜇𝑠, 
and 72 𝜇𝑠, respectively. According to the modal speeds in the 
frequency of 1 MHz given in table I, the determined fault 
locations are 47.68 and 49.70 km, using the two mentioned 
combination of the modes. These values can be determined for 
all three faults regardless of the fault impedance. According to 
the results, increasing the fault impedance does not have a direct 
impact on the principle of time difference for different modes. 
However, it may make the detection of the initial peak more 
challenging, which can be handled by using more accurate and 
robust signal-processing techniques. 
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C. Impact of fault location 
Faults V-VII investigate faults in different locations of the 
system. In this study, coaxial and sheath modes are used for 
fault localization in a TCE-HVDC cable with the total length of 
300 km. The armor material with the relative permeability 400 
is used for the model, to have the highest modal attenuation and 
consequently the most challenging case for initial peak 
detection. Fig. 11 (a-c) depict the modal fault current waves for 
faults in 1, 150, and 280 km from the right busbar. The detection 
results are given in table VIII. According to Fig. 11(a), the 
arrival time must be about 1.6 µs, for fault happening at 1 km 
from the right busbar. However, due to the sampling frequency, 
TABLE II: IMPACT OF DIMENSIONAL PARAMETERS ON THE MODAL CHARACTERISTICS OF TCC-HVDC CABLE BUNDLES 
Parameter h [𝒎] 𝒓𝒊𝒏𝒔 [𝒎𝒎] 𝒓𝒔 [𝒎𝒎] 
Value  0.25 1 1.5 3  10 15 20 25  0.5 1 2 4 
TC
C
-H
V
D
C
 
A
tt. 
[𝒅
𝑩
/𝑲
𝒎
] 
𝑽𝟎  305.8 348.1 357.3 358.2  314.8 336.6 357.3 377.7  351.2 353.3 357.3 365.3 
𝑽𝟏  4.5 3.8 3.75 3.73  2.16 3.36 3.75 4.07  3.74 3.68 3.75 3.88 
𝑽𝟐  1.04 1.04 1.04 1.04  2.91 1.40 1.04 0.82  1.04 1.04 1.04 1.04 
𝑽𝟑  1.04 1.04 1.04 1.04  2.91 1.40 1.04 0.82  1.04 1.04 1.04 1.04 
V
e
l. 
[𝒎
/𝝁
𝒔
] 
𝑽𝟎  16.59 16.92 17.11 17.46  18.93 17.94 17.11 16.38  17.34 17.26 17.11 16.80 
𝑽𝟏  53.56 53.59 53.64 53.66  53.15 53.26 53.60 54.28  53.46 53.50 53.60 53.83 
𝑽𝟐  196.9 196.9 196.9 196.9  196.1 196.6 196.9 197.1  196.9 196.9 196.9 196.9 
𝑽𝟑  196.9 196.9 196.9 196.9  196.1 196.6 196.9 197.1  196.9 196.9 196.9 196.9 
TABLE III: IMPACT OF BURYING CONFIGURATIONS ON THE MODAL CHARACTERISTICS OF TCE-HVDC CABLE BUNDLES 
Parameter Horizontal arrangement [mm] Vertical arrangement [mm] 45 degree [mm] 
Value  130 143.5 170 200  130 143.5 170 200  130 143.5 170 200 
TC
E-H
V
D
C
 
A
tt. 
[𝒅
𝑩
/𝑲
𝒎
] 
𝑽𝟎  318.2 320.3 324.0 327.6  317.5 319.6 323.1 326.5  316.9 318.5 320.6 322.2 
𝑽𝟏  14.15 12.83 10.94 9.51  14.06 12.72 10.80 9.34  14.21 13.68 12.44 11.67 
𝑽𝟐  1.04 1.04 1.04 1.04  1.04 1.04 1.04 1.04  1.04 1.04 1.04 1.04 
𝑽𝟑  73.76 73.76 73.76 73.76  73.76 73.76 73.76 73.76  73.76 73.76 73.76 73.76 
𝑽𝟒  1.04 1.04 1.04 1.04  1.04 1.04 1.04 1.04  1.04 1.04 1.04 1.04 
𝑽𝟓  73.76 73.76 73.76 73.76  73.76 73.76 73.76 73.76  73.76 73.76 73.76 73.76 
V
e
l. 
[𝒎
/𝝁
𝒔
] 
𝑽𝟎  20.20 20.33 20.54 20.75  20.18 20.29 20.50 20.70  20.12 20.23 20.35 20.44 
𝑽𝟏  61.52 58.36 53.87 50.42  61.53 58.35 53.88 50.42  62.34 60.45 57.52 55.66 
𝑽𝟐  196.9 196.9 196.9 196.9  196.9 196.9 196.9 196.9  196.9 196.9 196.9 196.9 
𝑽𝟑  147.9 147.9 147.9 147.9  147.9 147.9 147.9 147.9  147.9 147.9 147.9 147.9 
𝑽𝟒  196.9 196.9 196.9 196.9  196.9 196.9 196.9 196.9  196.9 196.9 196.9 196.9 
𝑽𝟓  147.9 147.9 147.9 147.9  147.9 147.9 147.9 147.9  147.9 147.9 147.9 147.9 
TABLE IV: IMPACT OF CONDUCTOR LAYERS’ RESISTIVITY ON THE MODAL CHARACTERISTICS OF SCEIMR-HVDC CABLE BUNDLES 
Parameter 𝝆𝒄 [𝛀𝒎] 𝝆𝒔 [𝛀𝒎] 𝝆𝒂 [𝛀𝒎] 
Value  0.5e-8 1.5e-8 2.2e-8 2e-7  10e-8 20e-8 27e-8 10e-7  50e-8 80e-9 18e-8 10e-7 
SC
EM
R
-H
V
D
C
 
A
tt. 
[𝒅
𝑩
/𝑲
𝒎
] 
𝑽𝟎  0.69 0.80 0.86 1.52  0.64 0.78 0.86 1.35  0.86 0.86 0.86 0.86 
𝑽𝟏  60.15 60.15 60.15 60.15  58.95 59.71 60.15 62.88  36.65 43.97 60.15 110.9 
𝑽𝟐  341.9 341.9 341.9 341.9  341.9 341.9 341.9 341.9  340.9 341.2 341.9 344.9 
𝑽𝟑  21.59 21.59 21.59 51.59  21.59 21.59 21.59 21.59  17.00 18.35 21.59 34.27 
𝑽𝟒  13.89 13.89 13.89 13.89  13.89 13.89 13.89 13.89  13.89 13.89 13.89 13.89 
V
e
l. 
[𝒎
/𝝁
𝒔] 
𝑽𝟎  197.2 197.1 197.1 196.6  197.2 197.1 197.1 196.7  197.1 197.1 197.1 197.1 
𝑽𝟏  156.3 156.3 156.3 156.3  157.1 156.6 156.3 154.6  171.8 166.9 156.4 127.4 
𝑽𝟐  18.45 18.45 18.45 18.45  18.45 18.45 18.45 18.45  18.46 18.46 18.45 18.43 
𝑽𝟑  56.72 56.72 56.72 56.72  56.72 56.72 56.72 56.72  57.01 56.92 56.72 55.92 
𝑽𝟒  153.3 153.3 153.3 153.3  153.3 153.3 153.3 153.3  153.3 153.3 153.3 153.3 
TABLE V: IMPACT OF LAYERS’ PERMEABILITY ON THE MODAL CHARACTERISTICS OF EIMR-HVDC CABLE BUNDLES 
Parameter 𝛍𝐜 𝛍𝐬 𝛍𝐚 
Value  1 100 200 400  1 100 200 400  1 100 200 400 
EIM
R
-H
V
D
C
 
A
tt. 
[𝒅
𝑩
/𝑲
𝒎
] 
𝑽𝟎  1.03 4.12 5.52 7.48  1.03 7.04 9.72 13.42  1.03 1.03 1.03 1.03 
𝑽𝟏  7.47 7.47 7.47 7.47  7.47 51.04 67.11 87.05  7.47 7.47 7.47 7.47 
𝑽𝟐  182.8 182.8 182.8 182.78  182.8 182.8 182.8 182.7  178.2 180.4 181.4 182.8 
𝑽𝟑  25.43 25.43 25.43 25.43  25.43 25.43 25.43 25.43  1.91 13.57 18.61 25.43 
V
e
l. 
[𝒎
/𝝁
𝒔
] 
𝑽𝟎  196.9 194.8 193.7 192.32  196.9 192.6 190.7 188.1  196.9 196.9 196.9 196.9 
𝑽𝟏  192.3 192.3 192.3 192.3  192.3 162.2 152.0 140.2  192.3 192.3 192.3 192.3 
𝑽𝟐  33.82 33.82 33.82 33.82  33.82 33.82 33.82 33.82  33.94 33.88 33.86 33.8 
𝑉3  179.6 179.6 179.6 179.6  179.6 179.6 179.6 179.6  196.3 187.9 184.4 179.6 
parameter increase in the row,    parameter decrease in the row,    No parameter change in the row. 
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Fig. 8.  Single line diagram and the involved layers in the faults for different 
cable bundles used in simulations (a): TCC-HVDC (b): TCE-HVDC (c): 
SCEMR-HVDC. 
TABLE VI: DEFINED FAULT CASES FOR MODAL FAULT LOCATION STUDY 
Fault 
No. 
HVDC  
type 
Cable 
bundle 
Impact of Fault 
type 
Fault Res. 
[Ω] 
location 
[km] 
I VSC * TCC-HVDC sampling 
frequency 
P2P 0.1 200 
II LCC** SCEIMR-
HVDC 
fault 
resistance 
P2R2G 0.1 50 
III LCC SCEIMR-
HVDC 
fault 
resistance 
P2R2G 1 50 
IV LCC SCEIMR-
HVDC 
fault 
resistance 
P2R2G 100 50 
V VSC TCE-HVDC fault location P2P 100 1 
VI VSC TCE-HVDC fault location P2P 100 150 
VII VSC TCE-HVDC fault location P2P 100 280 
IX VSC TCE-HVDC grounding  P2P2G 1 120 
*SYMMETRIC MONOPOLE,   **WITH METALLIC RETURN 
TABLE VII: IMPACT OF SAMPLING FREQUENCY ON THE MODAL ARRIVAL TIME 
IN TCC-HVDC CABLES  
Fault 
No. 
Sampling 
frequency 
Modal time 
difference [ms] 
Determined 
location [km] 
Relative error 
[%] 
I 1 MHz 2.715 199.944 -0.028 
I 40 kHz 2.725 200.680 0.34 
I 20 kHz 2.750 202.522 1.26 
the detected time is 2 µs, which gives the absolute relative error 
of 18.9%. This high error value is not related to the modal fault 
location principle and can be reduced using higher sampling 
frequencies. This high error value does not exist in fault cases 
VI, and VII, which are applied far from the measurement 
location. However, the detection of initial arrival peak in the 
modal fault current wave is challenging particularly for fault 
VII, which is applied 280 km far from the measuring point and 
close to the remote busbar. Again, in this case, using a robust 
and accurate signal-processing technique can detect the initial 
increase in the modal current wave with minimum additional 
sample delays. 
D. Impact of grounding scheme 
In this section fault IX is applied to the TCE-HVDC cable to 
study the impact of different grounding schemes on the 
behavior of the modes and consequently the feasibility of the 
modal fault localization principle. Three types of grounding 
schemes are considered for TCE-HVDC cable. In the first case, 
screen and armor are grounded only in two sides of the cable 
with 0.1 Ω resistance. In the second case, other than having the 
same two-sided grounding, the armor is grounded every five 
kilometers. This scheme is usually used in underground cables 
to reduce overvoltage along the cable transmission. In the third  
TABLE VIII: IMPACT OF FAULT LOCATION ON THE MODAL ARRIVAL TIME IN 
TCE-HVDC CABLES  
Fault No. Modal time 
difference [µs] 
Determined 
location [km] 
Absolute 
relative error 
[%] 
V 2 1.189 18.9 
VI 252 149.861 0.092 
VIII 470 279.503 0.17 
case, the same two-sided grounding is applied to the screen and 
armor, while both of them are also grounded every five 
kilometers, to simulate the HVDC submarine cable grounding 
system. The distributed grounding impedance is higher than the 
two-sided grounding and the value of 2 Ω is considered for that. 
The fault is applied to the middle of the cable, which has 400 
km length. Fig. 12 (a-c) depict the modal fault currents for two-
sided bonding, distributed armor grounding, and distributed 
screen and armor grounding, respectively. Comparing the peak 
points of A, B, and C, there is a slight increase in the coaxial 
peak current, while the comparison between the points D, E, 
and F, shows a decrease in the peak current of the sheath mode 
for the distributed screen and armor grounding case. According  
to the figure, none of these differences makes an issue regarding 
the detection of modal initial peaks. It means that the impact of 
grounding schemes is not significant on the arrival of the modal 
initial peaks and proposed method can be used for different 
types of grounding schemes in HVDC cable bundles. It also 
makes sense according to Fig. 13, which shows the flowing of 
fault IX current into the ground for distributed grounding cases. 
According to the figure, the ground current amplitudes are 
significantly small (about 3 amps for both cases) compared to 
the main fault current wave reaching at the measurement point 
through the main conductors. This again proves that the impact   
of distributed grounding will not be significant on the pole 
values arrived at the measuring location, and consequently 
determined modal values. It should be mentioned that, because 
the connection of sheath and armor is only in discrete points, 
none of the modes will be eliminated. Each section has all the 
modes, and there will be a negligible  change in the impedance 
at the joint locations, which does not have a significant impact 
on the modal behaviors and initial peak arrivals at the 
measurement location. However, theoretically if they are 
connected continually all over the cable (e.g. via a 
semiconducting layer) they will have the same potential and one 
of the modes will be eliminated. 
VI. DISCUSSION 
According to the results, the difference in the initial peak arrival 
time of the propagation modes can potentially be used for 
designing online fault location algorithms for HVDC cable 
bundles. Impact of different parameters on the modal behaviors 
is investigated in section IV and according to the results, the 
modal fault location principle is proposed for fault location in 
HVDC cable transmission. However, there are existing 
challenges in using the modal analysis of HVDC cables, which 
are pointed below and possible solutions are suggested for 
further research: 
A. Proper selection of the modes:  
Different pairs of modes can be used for each HVDC cable 
bundle to determine the transient location. The coaxial modes 
are always chosen as the main and the first arrival mode. The 
initial peak time of the second mode is compared to the coaxial 
mode. The second mode can be sheath/intersheath mode, 
=
~
=~
~ ~
=
~
=~
~ ~
~ ~
(a)
(b)
(c)
Fault 
types
Ic1
Is1
Ic2
Is2
Ic1
Is1
Ia1
Ic2
Is2
Ia2
Ic1
Is1
Ia1
Ic2
Is2
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10 
another coaxial mode, or theoretically it may even be 
armor/interarmor mode in case of using a robust signal-
processing technique for accurate detection of the initial peaks. 
In some cases particularly for sheath/intersheath modes, they 
may arrive close to the first coaxial mode, which makes the 
determination of the difference in the arrival time of the modes 
a challenging task. In other cases mostly for armor/interarmor 
modes, the determination of arrival time difference is more 
achievable, because of the lower propagation speed in the 
armor/interarmor than sheath/intersheath modes. However, 
interarmor modal transients have small amplitudes, which 
makes the detection of each modal initial peak challenging. It is 
practically not possible to detect ground modes and they are not 
proper for fault localization studies. According to the 
aforementioned results, the selection of the second mode is a 
trade-off between the detection challenges due to the minor 
arrival time difference of the pair of modes, and small 
amplitude of the second mode. 
B. Obtaining the modal matrix:  
In the lower frequency range (less than 100 kHz), the modal 
speeds highly depend on the frequency used for speed 
calculation in (18). In fact, the characteristic ramp of velocity 
diagram in frequency domain may be a little different for 
different modes in various bundle types. It is mainly because 
the modes are decoupled after a certain frequency range for 
each cable types. In this paper, the frequency of 1 MHz is used, 
which guarantees the decoupling of modes for cable 
energization due to the high frequency of the energization 
transient.  Looking at the modal velocities in the frequency 
range of more than 100 kHz in table I, the change in the velocity 
is not significant as frequency increases (Except cases like 
return mode for SCEMR cable , which the complete decoupling 
happens at frequency of 300 KHz. Additionally, in some other 
modal parameters like the ground mode attenuation, a constant 
increase is observed with an increase in the frequency.) This 
means that using the same 𝑲𝒊 matrix with constant elements for 
different high- frequency transients does not lead to a 
significant amount of error. Accordingly, with a small 
acceptable error, it may be possible to directly use the resulted 
𝑲𝒊 matrices for each HVDC bundle in the decoupling process, 
without the need for applying the modal analysis in each 
sample. Additionally, the eigenvector matrices are not unique 
and multiple 𝑲𝒗 and 𝑲𝒊 matrices can be used for the modal 
analysis, resulting in the same decoupled modes. However, 
according to the proposed extensive analysis regarding the 
impact of different parameters like geometric, materialistic and 
burying configurations, they do not have a significant impact 
on the velocities in high frequency and the 𝑲𝒊 matrices. 
C. Significant velocity difference between the selected modes: 
One of the things that should be considered is that if the velocity 
of the faster mode is more than three times bigger than the 
smaller mode, it will reach to the measurement location two 
times before the first arrival of the slower mode. It happens only 
for TCC-HVDC bundle between coaxial and intersheath 
modes. This reflection of the coaxial mode, may generate other 
modes with very small amplitude, but it will not be significant 
and will not have any impact on the detection for the first initial 
peak for the slower mode. Additionally, for the case with 
distributed grounding, intersheath modes with small amplitudes 
may be injected in the grounding points, which again does not 
have any impact on the detection of the modal initial peaks.  
D. Impact of cable termination: 
According to traveling waves theory, any change in the 
impedance in the transmission section, leads to into reflections 
and refractions. Accordingly, cable terminations will act as a 
change in the impedance. In this study, standard PSCAD Cable 
termination modeling method is used for the main conductors 
at the end of each cable. Additionally, the sheath and armors are 
grounded at the measurement location and the impact of their 
grounding schemes investigated in this paper. According to the 
results, when the first coaxial initial peak is detected, the 
reflection of the initial coaxial peak arrival does not have a 
noticeable impact on the detected initial peaks of the second and 
the third decoupled modal arrivals. Moreover, based on the 
impact of sheath/armor grounding in section V-D, and it is 
observed with a change in the impedance and type of 
grounding, the modal fault location method is feasible. Due to 
page limitations in-depth study of the impact of different cable 
terminations like outdoor terminations, GIS terminations, Dry-
type plugin terminations [23] is not possible, and it is suggested 
to investigate in future research. 
E. Feasibility of the method for multi-terminal schemes: 
According to the aforementioned analysis and the explained 
limitations, the proposed modal fault location principle is 
potentially feasible for point-to-point HVDC links. As 
mentioned, for multi-terminal schemes, indeterminate 
generation of the modes in the joint locations exist due to the 
change in the impedance, which may make the accurate 
detection of modal initial peaks challenging. Even though, it 
does not lead to a significant accuracy decrease and still a 
considerable portion of the modal initial peaks travel the whole 
transmission grid which are clearly detectable, extensive 
analysis is needed for testing the feasibility of the method for 
multi-terminal schemes. One possible solution for dealing with 
this issue can be using a communication link between relays, 
defining multiple zones for relays, which can act as backups for 
the other zones leading to a selective fault location method. In 
this method, the time delay between modal initial peaks can be 
measured and compared with a predefined time setting for each 
relay. If the proposed method is also used for fault detection, 
one thing that should be cared is that the time difference 
between the modal initial peaks should not be significant, 
because after detecting the first initial peak, the fault detection 
algorithm must wait to detect the second reflection. According 
to fig. 11, this waiting time delay for a fault in 280 km from the 
measurement location of a TCE-HVDC cable is 470 us, which 
is a reasonable amount of delay for fault isolation in VSC-
HVDC grids compared to the safe time limit of a few 
milliseconds used in literature works. 
F. Impact of cable structure along the transmission section:  
For the HVDC cables, which are buried underground along the 
whole transmission link, the modal fault localization principle 
can potentially give accurate results. Regarding the offshore 
HVDC transmission, the majority of the submarine links, have 
a short onshore land cable section at the end of the offshore 
transmission cable. Considering that in most of the cases, the 
onshore section is significantly short compared to the main 
offshore cable, the modal fault location principle can potentially  
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Fig. 13.  Distributed ground currents in 20 ground points for TCE-HVDC cable 
(a) only armors grounded, (b) screen and armor connected together and then 
grounded. 
give accurate results with negligible error. If the land cable 
section is long but the offshore and land cables do not have 
significantly different parameters, according to the sensitivity 
analysis given in tables II-IV regarding the layer thickness and 
material, the modal velocities do not significantly change with 
a change in these parameters. It means that still a considerable 
portion of the modal initial peaks arrive at the measurement 
location and can be accurately detected. In HVDC submarine 
transmission, in which different cables are used for deep and 
shallow water sections if the cables have significantly different 
parameters, the accuracy of the modal fault location may 
decrease. However, If the deep and shallow water sections have 
almost similar parameters like the Norned HVDC cable [24], 
the method may give satisfactory fault location results. 
Additionally, for HVDC cable transmission with multiple 
offshore and onshore sections in series like the Kontek HVDC 
link [25], a noticeable decrease in the accuracy of modal fault 
location may happen if only one set of measurement units are 
 
Fig. 9.  Impact of sampling frequency on the modal fault location in TCC-HVDC cable. (a) 1 MHz, (b) 40 kHz, (c) 20 kHz 
 
Fig. 10.  Impact of fault resistance on the modal fault location in SCEMR-HVDC cable. (a) 0.1Ω (b) 1Ω (c) 100 Ω. 
 
Fig. 11.  Impact of fault distance on the modal fault location in TCE-HVDC cable. (a) 1 km (b) 150 km (c) 280 km 
 
Fig. 12.  Impact of the grounding scheme on the fault location in TCE-HVDC cable. (a) Two-sided bonded (b) Two-sided bonding + distributed grounding of 
armor (c) Two-sided bonding + distributed grounding of screen and armor  
2.715 ms 2.725 ms 2.750 ms
72 uS
63 uS
72 uS
63 uS
72 uS
63 uS
2 us
252 us
470 us
1 us
A B C
D E
F
0.2 ms
0.2 ms 0.2 ms
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used in one side of the cable. In such cases, one possible 
solution can be using multiple measurement sensors between 
the cable sections to have the most accurate modal fault 
location. Considering that using distributed sensors is 
extensively studied in literature works [7], [26], using a limited 
number of additional sensors can be reasonable to have the most 
accurate modal fault location for such mixed HVDC cable 
transmissions. In summary, if the modal characteristics 
significantly change along the transmission section, will result 
in noticeable decrease on the accuracy of the modal fault 
location. It should be noted that the aforementioned discussions 
are theoretical conclusions about the behavior of the modes 
based on the simulation results given in this paper. Further 
practical tests are needed to prove the accuracy of the method 
and design practical modal fault location schemes. 
VII. CONCLUSION 
This paper studied the modal analysis of fault transients in 
HVDC cable transmission. Different cable constructions with 
multiple layers considered as HVDC cable bundles that exist in 
current installations worldwide. The transformation process 
from the loop impedance values to series matrix and then to the 
decoupled modes based on the modal theory studied. Different 
modes with the corresponding equivalent circuits presented for 
each cable bundle. The frequency characteristic of modal 
attenuation and speeds for different HVDC cable bundles 
studied and the impact of different parameters on the modal 
behavior analyzed. A concept for fault localization in HVDC 
cables based on the difference in arrival times of fault transients 
due to the difference in the modal velocities introduced. The 
proposed method uses one-sided measurement without needing 
a communication link or any detection for the second TW 
reflections. Multiple faults applied to CIGRE HVDC models 
and the impact of different parameters analyzed. It has been 
resulted that different cable parameters, dimensions, and burial 
configurations, do not have a significant impact on the resulted 
modal matrices and consequently further modal fault 
localization algorithm. The proposed technique accurately 
works for high impedance faults and for long distance faults. 
The modal fault location principle can be obtained using lower 
sampling frequencies with an acceptable error value. Different 
grounding schemes may have a slight impact on the detection 
of the modal initial peaks and inject small intersheath modal 
transients, but this impact is not significant on the feasibility of 
the fault localization algorithm. The proposed study can be used 
as reference work for designing protection algorithms for 
HVDC transmission systems using AI-based techniques or 
signal processing methods. Accordingly, further works consist 
of implementing the online fault localization algorithm based 
on the proposed modal principle, using robust signal processing 
techniques for designing the fault location algorithms, and 
studying the impact of errors due to sensor measurement.  
Impact of distortion in the accuracy of the further designed 
modal online fault locators should be analyzed. The challenges 
pointed in the discussion section must be analysed for the final 
designed modal protection schemes. The proposed analysis 
may also be extended to multi-terminal VSC-HVDC grids for 
both selective fault detection and fault localization, which have 
more complicated fault scenarios and the modal behaviors will 
be more complex. Accordingly, testing and analyzing the modal 
online fault localization algorithm with several fault events 
having different impedances, types, and locations may also 
prove the accuracy of the method for multi-terminal HVDC 
connections. 
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